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Abstract 
This paper presents a new amplitude regulation for gyroscopes based on phase-shifting. Instead of regulating the AC or DC value
of the driving stage in order to maintain a constant primary oscillation, this concept introduces a tunable phase delay into the self-
oscillation driving loop. This tunable phase delay is achieved using a Schmitt-Trigger (ST). Compared to conventional amplitude
regulation this concept is beneficial, since the high voltages of the driving stage can be set to a constant value and do not have to 
be adjusted. This reduces the complexity of the analog circuitry enormously and encourages the use of higher driving voltages. 
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1. Introduction 
Micromachined angular rate sensors which use the Coriolis effect for detection are used in the automotive 
industry for several applications like rollover detection, inertial navigation, and the vehicle dynamics. The Coriolis 
force is Fc = - 2 m : × vp, where m is the mass, : the angular rate, and vp the velocity of the primary mass. Since 
temperature has a large influence on the sensor quality factors and therefore on the dynamics of the primary mode, 
control loops are commonly used in order to keep the primary mass velocity vp constant. The primary oscillation of a 
gyroscope can be controlled by a drive loop consisting of a phase looked loop (PLL) and an automatic gain control 
(AGC) [1, 2]. The PLL tracks the resonance frequency of the sensor element for actuation which is beneficial, since 
at resonance the maximum spring mass displacement with minimum energy can be achieved. Alternatively to the 
PLL concept a self-oscillating drive loop can be used. In this case the readout interface is connected to the driving 
stage in such a way so as to force the system with its resonance frequency into self-oscillation [3-5]. In both drive 
loops an AGC is necessary, regulating the driving stage in order to keep the oscillation amplitude of the primary 
mass constant. For gyroscopes requiring a high biasing voltage for actuation it is a challenging task to design such a 
tunable driving stage. Applying this high biasing voltage to the driving stage instead to the mass of the sensor allows 
the use of chopper stabilization where the modulation voltage has to be symmetrical around the input common mode 
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of the charge integrator. In [6] a sigma-delta digital-to-analog (DAC) drive loop is presented restricting the driving 
voltages to two fixed potentials. The AGC and the bandpass sigma-delta modulator are implemented digitally on a 
field programmable gate array. The driving stage applying two defined high voltages to the actuator is controlled by 
the sigma-delta bitstream. The present work presents a self-oscillating drive loop with a new amplitude regulation 
based on phase shifting which can be fully implemented in the analog domain for low power. With this concept it is 
possible to keep the driving voltages at constant values avoiding the use of tunable driving stages in the high voltage 
domain relaxing the analog circuit design. 
2. Drive Loop 
In Fig. 1 a conventional self-oscillating drive loop is shown consisting of the sensor element, a capacitive-to-
voltage (C/V) converter, a comparator, an AGC, and the driving stage. In case of exciting the sensor exactly with its 
resonance frequency, the applied electrical excitation force Fel is in phase to the velocity vp of the primary mass [7]. 
The self-oscillating drive loop uses this relation for the design. With a transresistance amplifier as the C/V converter 
in Fig. 1, the signal is in phase with the velocity. Alternatively, a charge integrator can be used as the front-end, but 
a further differentiator is necessary to generate additional 90° phase shift. Instead of the differentiator an integrator 
can also be used. Since the circuit is build up fully differentially, only one differential signal pair has to be switched 
in order to obtain the correct phase feedback. A charge integrator front-end is essential if chopper stabilization 
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Fig. 1: Conventional self-oscillating drive loop 
consisting of a sensor, C/V-converter, comparator, AGC, 
and driving stage. 
Fig. 2: Self-oscillating drive loop with a phase element 
regulating the primary oscillation amplitude of the 
gyroscope. The voltages V1 and V2 do not have to be 
adjusted. 
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Fig. 3: Sensor deflection as a function of the applied 
phase delay. To guarantee a sufficient amplitude 
regulation a phase shift up to 80° is necessary. 
Fig. 4: Transfer characteristic of the gyroscope for two 
different quality factors. The additional phase delay 
causes a frequency shift 'f. With increasing quality 
factor this 'f is reduced. 
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technique is used to suppress flicker noise of the amplifier. Employing a second integrator instead of a differentiator 
is beneficial in order to suppress higher sensor harmonics due to the low-pass characteristic. 
2.1. Conventional Regulation 
The output of the C/V converter is rectified and compared to a reference value Vref defining the oscillation 
amplitude. The output of the AGC is used as a control signal steering the driving stage, as shown in Fig. 1. Either 
the DC or AC signal can be regulated, changing the electrostatic force Fel for actuation. Instead of a square-wave 
actuation a sine-wave can also be used if necessary. In both implementations the AC amplitude or the DC potential 
has to be adjusted by the control signal of the AGC. Designing this high voltage driving stage for ASIC 
implementations is a challenging task. The following proposed concept overcomes this issue. 
2.2. Regulation based on Phase Shifting 
In a self-oscillation drive loop maximum displacement is achieved when the driving force is in phase with the 
velocity vp of the primary mass. Introducing a phase delay between the front-end and the driving stage with a phase-
shifting element, the oscillation amplitude can be reduced [7]. Controlling this phase delay with an AGC, a constant 
amplitude of the primary oscillation can be achieved (Fig. 2). Since this phase element is placed between the front-
end and driving stage an implementation in the standard voltage domain is possible. Fig. 3 shows the relation of the 
applied phase delay and the deflection of the sensor. Between 0° and 90° and between 270° and 360°, the deflection 
can entirely be controlled by the phase element. The asymmetry is due to the PT2 transfer characteristic of the 
gyroscope. To ensure a sufficient amplitude regulation a phase shift up to 80° is assumed.  
2.3. Frequency Shift Effect 
While applying a phase delay to the drive loop in order to control the oscillation amplitude, also a frequency shift 
'f occurs. This frequency shift effect is shown in Fig. 4. Two transfer characteristics of a gyroscope are shown, one 
with a quality factor of two and the other one with a quality factor of 20. Exactly at resonance, maximum gain can 
be achieved. Applying additional phase delay to the loop results in a lower gain, but also in a new resonance 
frequency which is lower compared to the nominal resonance frequency. To guarantee a sufficient amplitude 
regulation a phase shift up to 80° is assumed. Over this phase shift of 80° a frequency shift of 'f occurs. This is an 
issue since the AGC regulates the output of the charge integrator and therefore the position of the primary mass, as 
shown in Fig. 2. Since the rate signal is scaled with the velocity vp, a frequency shift has directly an impact on the 
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Fig. 5: Frequency shift normalized to the gyroscope’s 
resonance frequency. With larger quality factors a 
smaller frequency shift is caused over a phase delay of 
80°. 
Fig. 6: Design of the drive loop. A full-wave rectifier 
compares the oscillation amplitude to a reference voltage. 
The Schmitt-Trigger with the pre-amplifier replaces the 
phase element. 
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measured signal. Fig. 4 shows that increasing the primary quality factor of the gyroscope reduces this frequency 
shifting effect. In Fig. 5 this dependency is shown. The frequency shift 'f is normalized to the nominal resonance 
frequency. With larger quality factors 'f reduces. With a quality factor of 10000, the frequency change is only 
0.03% with respect to the nominal resonance frequency. The impact of this frequency shift can be avoided if a 
differentiator is used instead of an integrator in Fig. 2. Controlling this signal which then represents the velocity vp
of the primary mass to a constant value with the AGC solves the above mentioned problem. But, since the impact of 
this frequency change on the output signal is very small, a regulation of the position is sufficient. This allows the use 
of an integrator suppressing higher harmonics. 
2.4. Circuit Design 
A Schmitt-Trigger with a pre-amplifier replaces the phase-element and the comparator in Fig. 2. The phase delay 
of the Schmitt-Trigger is described by (1). It can be seen that the phase depends on the input voltage Vin. Regulating 
the gain of this pre-amplifier with a PMOS transistor provides a control of the phase delay. The control signal Vcontrol
is provided by the AGC consisting of a full-wave rectifier. The rectified signal is compared to a reference voltage 
Vref defining the oscillation amplitude within an integrator. 
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3. Conclusion 
Compared to published solutions [1, 2, 4, 5], this concept needs only two fixed voltages (V1, V2) which do not 
have to be adjusted, since the amplitude regulation is done by a phase-element. Applying these high voltages to the 
driving stage instead to the middle electrode as done in [4] allows the use of chopper stabilization techniques. The 
phase-element is placed between the front-end and driving stage, allowing an implementation in the standard voltage 
domain, enabling low power designs. With a simple switch either V1 or V2 is applied to the comb drive electrodes 
steered with the output of the comparator. With this concept a frequency shift occurs which can only be reduced 
with larger quality factors of the sensor. A direct impact of this frequency change on the output signal can be 
avoided when a velocity node is available. This concept is especially beneficial in ASIC implementations, since it 
allows larger actuation voltages. As a result larger oscillation amplitudes can be achieved increasing the sensitivity 
and performance. Alternatively, smaller comb drive electrodes become feasible reducing the sensor dimensions and 
costs, therefore opening new market segments like consumer applications. 
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